Geophysical surveys utilising magnetic and electromagnetic techniques were carried out at the Siloam hot spring. The spring is in the Soutpansberg Basin in the northern part of South Africa. The research was to investigate groundwater bearing structures at the hot spring. Magnetic survey results showed that the spring occurs between two north dipping dykes. The two dykes could be faulted segments of a single dyke or sill. Magnetic susceptibility results highlighted the presence of metamorphic and volcanic rocks. Electromagnetic survey results showed that the hot spring was within a roughly east to west trending, zone with high electrical conductivity values. Based on the survey results, water is exploiting fractures in the dyke or sill.
Background

Ground Magnetic Surveys
A fratured zone was deleneated at the Ikogosi warm spring in south-western Nigeria from magnetic data (Ojo, Olorunfemi, & Falebita, 2011) . Ground magnetic data was used to estimate shallow depths to magnetic sources in the 0 to 160 m range for near surface bedrock investigations (Kayode, Adelusi, & Nyabeze, 2011; Kayode, Adelusi, & Nyabeze, 2013; Peters, 1949) . The application of
3-D voxel inversion in theinterpretation of magnetic data, that involves applyig a technique called Magnetization Vector Inversion (MVI), which incorporates
both remanent and induced magnetization without prior knowledge of the direction or strength of remanent magnetization, a basis of the VOXI  3-D inversion software (Ellis, de Wet, & Macleod, 2012) . The Mag2D interactive computer program was used to model 2 1/2-dimensional magnetic data (Nutter, 1981) .
The ZondMag 2D routine carries out modelling and computations that considers the geomagnetic parameters of the study area, such as the declination and inclination of the magnetic induction vector, the value of the normal field, the magnetic susceptibility of the host rocks and the topography (Zond, 2010) .
Magnetic Susceptibility
Magnetic susceptibility is defined as the degree to which a body can be magnetised (Buschow & de Boer, 2003; Dalan, 2006) . Magnetic susceptibility can be measured directly using borehole techniques and at a reasonable small spatial-scale using in-phase electromagnetic induction measurements (Dalan, 2006; Dearing, 1994) . Magnetic susceptibility in the field can only be measured on outcrops or rock samples (Telford, Geldart, & Sheriff, 1990 ). In the study of variation of magnetic properties of soil in Botswana including an area overlying the Limpopo Mobile Belt, the magnetic susceptibility values were found to be an indication of the bedrock and identified paramagnetic or antiferromagnetic minerals without magnetite, ferromagnetic minerals with magnetite, ferrimagnetic minerals with iron oxide minerals, as well as diagenetic minerals with negative or very low magnetic susceptibilities (Ranganai, Moidaki, & King, 2015) . Magnetic susceptibility is dimensionless in the SI unit system (Cano, Cordova-Fraga, Sosa, Bernal-Alvarado, & Baffa, 2008; Collinson, 2013 1999) . To avoid confusion in scientific literature i.e. SI or cgs unit system, the unit system is specified. A multiplication factor of 1/4π was applied to convert bulk magnetic susceptibility values from SI to cgs units (Ranganai, Moidaki, & King, 2015; Cano, Cordova-Fraga, Sosa, Bernal-Alvarado, & Baffa, 2008) . In this study it is the SI unit system that is used. Stated that magnetic susceptibility values above and below a value of 0.5 × 10 −3 SI were indicative of paramagnetic plus diagenetic minerals and paramagnetic and ferromagnetic minerals, respectively (Cano, Cordova-Fraga, Sosa, Bernal-Alvarado, & Baffa, 2008) . Paramagnetic and ferromagnetic materials were defined as having a magnetization vector that is in the same direction as the external field and diamagnetic if the direction was opposite the external magnetic field (Cano, Cordova-Fraga, Sosa, Bernal-Alvarado, & Baffa, 2008) . The effective depth of penetration of the Exploranium KT-9 kappameter for measuring magnetic susceptibility was reported to be in the range of 2 to 3 cm (Lecoanet, Lévêque, & Segura, 1999) . Meta-volcanic and dykes have magnetic susceptibility values of 0.01 to 0.09 × 10 −3 SI (Exploranium, 1995) . Magnetic susceptibility values in the range 0.2 to 3.5 × 10 −3 SI that corresponded to magnetic anomalies for buried soil investigations were reported for Rustad and Hopeton Earthwork sites in North Dakota and Ohio, USA (Dalan, 2006) . Magnetic susceptibility values of 700 × 10 −3 SI have been recorded for rocks with corresponding magnetite content of up to 20% (Ferguson, Young, Cook, Krakowka, & Tycholiz, 2016) . Basalt and dolerite rock types had typical magnetic susceptibility values between 4 × 10 −3 and 60 × 10 −3 SI and that the values could be decreased by metamorphism (Clark & Emerson, 1991) .
Electromagnetic Surveys
Electromagnetic techniques have been used for several years for mapping the electrical conductivity distribution in the subsurface (Monteiro Santos, 2004 ).
Sub-surface, water-bearing structures were delineated at hot springs in the southeastern part of South Africa from results of electromagnetic surveys (Madi, Nyabeze, Gwavava, Sekiba, & Zhao, 2016) . The EM34-3 conductivity meter can
give useful results where the earth can be approximated by a two-layer model (McNeill, 1985) . The effective depth of investigation using the 10 m to 40 m coil separations in the horizontal (HD) and vertical (VD) configurations varies from 7.5 m to 60 m, respectively (McNeill, 1980) . The main components of the EM34-3 system are as follows (McNeill, 1980) 
Methodology
Ground Magnetic Surveys
The magnetic technique involves measuring variations of the Earth's magnetic field and using the results to study localised geological structures. Ground magntic surveys were carried out along accessible areas near the hot spring in
May 2009. The survey lines were generally oriented from north to south in order to intersect the regional geological trend. Total field magnetic values were recorded using Caesium vapour and proton precession magnetometers. The accuracy of Caesium vapour magnetometer models Scintrex NaVmag SM5 and Geometrics G859 was 0.01 (Geometrics, 2011) . The accuracy of the proton precession magnetometer models Geometrics 856 and Geotron G5 was 0.1 nT (Geometrics, 2007) . Two proton precession magnetometers, Geometrics model G856 and Geotron model G5, were used as base station magnetometers. The
Caesium vapour magnetometers had in-built GPS units that facilitated the recording of position and elevation data. The base station magnetometers recorded data at 60 second intervals. Ground magnetic data was recorded every 1 second, using sensors at a height of 2.5 m to ensure the measurement of high-resolution data at an average station spacing of 1.25 m. Some traverses were surveyed using the Geometrics G856 magnetometer at 10 m station intervals. Spurious single point data anomalies were filtered from the dataset; these were attributed to cultural objects such as fences, buried tins and wires. The base station data was used to correct the traverse data for diurnal variations using the Magmap 2000 software. The corrected data were gridded to produce images using the Geosoft Software (Geosoft, 2014) . The magnetic data was presented as profiles. The magnetic data was modelled to get the best geological fit for the observed field data. Magnetic data were modelled into 2-Dimensional models using the Mag2D software. Ground magnetic data were modelled using the Geosoft VOXI  inversion software to generate 3-Dimensional models (Geosoft, 2013) . The magnetic susceptibility data were used to constrain magnetic models.
The ZondMag2D software was used for forward modelling and inversion of magnetic data.
Magnetic Susceptibility
The magnetic susceptibility (χ) was defined as the degree to which a substance P. K. Nyabeze, O. Gwavava Journal of Geoscience and Environment Protection could be magnetized and mathematically, the ratio of the magnetization (M) to the magnetic field (H) (Buschow & de Boer, 2003; Exploranium, 1995) as in Equation (1):
The magnetic susceptibility (χ) was inversely proportional to temperature (T)
according to Curie's Law and related by the Curie constant (C), for ideal paramagnetic materials below the Curie temperature, as in Equation (2) (Buschow & de Boer, 2003) :
Magnetic susceptibility measurements were recorded using a Exploranium KT-9 magnetic susceptibility meter with a capability to measure up to 999 ×10 -3 SI units. This was done to confirm the association between lithology and magnetic source rock.
Electromagnetic Surveys
The apparent conductivity, σ a •(ohm•m) is given by Equation (3) (McNeill, 1980) :
where H s is the secondary magnetic field at the receiver coil, H p is the primary magnetic field at the receiver coil, ω is the angular frequency, μ o permeability of free space and s is the intercoil separation.
In the frequency domain, the maximum depth of investigation is the skin depth δ fd (m) at which the electromagnetic field is reduced to 1/e, or 37% of its value at the surface and is given by Equation (4) (Spies, 1989) :
where σ is the electrical conductivity and μ O is the magnetic permeability.
The relative contribution to the secondary magnetic field arising from a thin layer at any depth Z is represented by a function ∅ V,H (z). The relative contribution R V,H to the secondary magnetic field from all materials below depth Z is given by Equation (5) (Monteiro Santos, 2004; McNeill, 1980) :
where V is the vertical coil orientation and H is the horizontal coil orientation. The apparent conductivity σ a for a layer measured using a coil with a separation s with vertical and horizonal coil orientation measurements of σ 1 and σ 2 , respectively is given by Equation (6) (McNeill, 1985b) :
then the apparent conductivity for a coil separation s = 10 m is given by Equa- 
Results
Ground Magnetic Surveys
The magnetic survey site characteristic values are shown in Table 1 A 2-Dimensional model was generated using the ZondMag2D software and it confirmed the presence of two dykes or sills near the spring. The magnetic 
Magnetic Susceptibility
The magnetic susceptibilityχ values at Siloam were 0.23 ± 0.07 × 10 −3 SI units Journal of Geoscience and Environment Protection The mean magnetic susceptibility of modelled dykes or sills was 89.9 ± 10.8 × 10 −3 SI units based on modelling results from using three different software namely Mag2D, VOXI  , and ZondMag2D (Table 3 ).
Electromagnetic Surveys
This The location of profile A-B recorded in June 2009 and B-C and D-E recorded in May 2011, and July 2011, respectively is presented in Figure 3 . Profile data for B-C and D-E were used to generate 2-D and 3-D electrical conductivity models. Survey specifications are presented in Table 4 .
Electromagnetic conductivity data were collected in June 2009 along a 220 m long south to north oriented profile B-C, using HD and VD oriented coils with a separation of 20 m (Figure 4 In December 2012 a survey utilizing 10, 20, and 40 m coils with HD configuration was carried out and peak EC values were 98.00 mS/m, 140.00 mS/m, and 125.00 mS/m respectively. The resultant 2-D model delineated a low conductivity zone that could be associated with a capping sill or dyke; the hot spring at station 175 m was associated with EC values of approximately 100 mS/m; a zone with EC values above 100 mS/m was delineated below the inferred location of the Siloam Fault.
Discussion
The survey area has predominantly east-west trending basaltic and volcanic dykes.
The spring occurs between two interpreted north dipping dykes, which are about 150 m apart with both extending to a vertical depth of approximately 650 m. There is a possibility that the two dykes delineated using the magnetic technique, are faulted segments of a larger dyke, and that the hot water is exploiting fractures in the impermeable dyke material. The delineation of a faulted zone is consistent with results that were obtained for the bedrock variation across the Ikogosi warm spring (Ojo, Olorunfemi, & Falebita, 2011) . , respectively indicating the spontaneous nature of levels of magnetisation and different inversion assumptions and approaches. The magnetic susceptibility values for metamorphic and volcanic rock signatures agree with the geology of the Soutpansberg Basin and Limpopo mobile belt (Barker, Brandl, Callaghan, Eriksson, & van Der Neut, 2006; Ranganai, Moidaki, & King, 2015) .
The results of the electromagnetic survey show that the Siloam hot spring is in an east-west trending conductivity zone with values above 100 mS/m. The east-west zone agreed with results of mapping the Siloam Fault using the electromagnetic method (Brandl, Mitchev, Stettler, Graham, & Smit, 2001 ). The width of the conductive zone varies from 100 m to 150 m. There is a high conductivity zone located in the southern part of the study area with a NE-SW orientation. Near vertical structures with alternating bands of low and high conductivity values were delineated from the conductivity depth sections. High electromagnetic conductivityzones had positive correlations with groundwater bearing structures (Gunnink, Bosch, Siemon, Roth, & Auken, 2012 (Spies, 1989) .
Conclusion
The increased resolution of the ground magnetic and electromagnetic survey data methods made it possible to delineate the dykes and faults. Ground mag- 
